Abstract Langerhans cell histiocytosis (LCH) is a monoclonal proliferation of antigen presenting cells (APC). In benign APCs, antigen loading occurs in the major histocompatibility class II (MHCII)-lysosomal compartment of the endocytic pathway followed by transport to the cell surface upon antigen stimulation. The pattern of MHCII expression in LCH is not well characterized. The cellular localization of MHCII was determined using immunohistochemistry (IHC). Staining pattern for the representative MHCII molecule, HLA-DR, (cell surface, cytoplasmic granular, or cytoplasmic globular), and intensity (0 to 3+) was recorded for normal tissues and 44 LCH samples along with available clinicopathologic features. Results were confirmed with a different antibody to confirm the appearance. In the normal tissue survey, strong HLA-DR cell surface expression was present on APCs, benign B cells, and some T cells. A granular cytoplasmic staining pattern (without surface expression) was seen in benign Langerhans cells (LCs) in the skin and histiocytes. Strikingly, all 44 LCH samples demonstrated both cytoplasmic granular and an unusual Bglobular^staining pattern with no surface staining. This is the first report of a highly specific HLA-DR staining pattern in LCH detected by IHC. The cytoplasmic perinuclear globular localization of MHCII may possibly be useful in diagnostics and may result from an immature/antigen-naïve differentiation state of the neoplastic cell.
Introduction
Langerhans cell histocytosis (LCH) is usually a monoclonal proliferation of antigen presenting Langerhans cells (LCs) most commonly occurring in children in bone and soft tissue locations [1, 2] . The disease can manifest as isolated bony or soft tissue lesions, multifocal, or multiorgan disease. The nuclei show the characteristic linear grooves, delicate chromatin, and abundant pale eosinophilic cytoplasm with admixed neutrophils, eosinophils, and multinucleated giant cells. In one series of LCH cases, the neoplastic cells of LCH were uniformly positive for CD1a and S100 and frequently expressed CD68, with variable expression of CD45 [3] . Langerin (CD207), a component of Birbeck granules, is expressed in nearly all LCH cases [4] [5] [6] . Birbeck granules, which are characteristic of LCH, are thought to be components of the endocytic recycling pathway [4] [5] [6] [7] . BRAF V600E mutations, identical to those found in hairy cell leukemia, are present in 57 % of LCH cases, raising the possibility of new therapeutic options for this disease [8, 9] .
The antigen presenting major histocompatibility class II (MHCII) molecules are expressed on the surface of antigen presenting cells (APCs) of the immune system. In APCs, antigen loading of MHCII molecules occur in a specialized lysosomal compartment named MIIC, followed by transport of the MHCII-antigen complex to the cell surface for antigen presentation. LCH expresses molecules necessary for the antigen presenting function including the major histocompatibility class II molecules, such as HLA-DR, HLA-DP, and HLA-DQ [10] [11] [12] [13] [14] [15] [16] . However, the staining pattern in LCH has been minimally described with only one article reporting cytoplasmic staining for HLA-DR in six cases using confocal microscopy [17] .
Because of our previous interest in abnormal patterns of MHCII expression in B cell malignancies, we determined to study the staining pattern of MHCII in normal dendritic and phagocytic cell populations as well as neoplastic LCH cells using the representative molecule HLA-DR, which is highly expressed in APCs. Herein, we describe a highly distinctive pattern of globular immunostaining for HLA-DR in the neoplastic cells of LCH. Our findings, if reproducible in other study sets, may have implications regarding stage of differentiation, pathogenesis, and possibly diagnosis of LCH.
Materials and methods
Representative normal tissues known to contain Langerhans or histiocytic cell populations (bone marrow, liver, lung, lymph node, skin, spleen, thymus, and tonsil) were examined to provide a framework for interpreting the staining of LCH tumors. Formalin-fixed paraffin blocks of 44 LCH samples were retrospectively procured from three study sites. Clinical history and diagnostic immunophenotype were obtained from the pathology reports (age, sex, location of biopsy, and IHC stain results from time of diagnosis) with Human Subjects Research approval at the University of Arizona.
Immunohistochemistry was performed on a Benchmark XT automated system [Ventana Medical Systems (VMS), Tucson, Arizona] with iView DAB detection. Monoclonal antibodies included anti-HLA-DR (Biogenex, 1:200) and anti-HLA-DR + DP + DQ (Abcam, 1:300). Anti-HLA-DR was performed on all samples while the anti-HLA-DR + DP + DQ assay was performed on four randomly selected samples for pattern verification. All cases were scored for intracellular location (cell surface, cytoplasmic granular, or cytoplasmic globular) and intensity (0 to 3+). Strong uniform intense staining was scored as a 3+, moderate uniform staining as 2+, and weak staining as 1+, no staining as 0. Cytoplasmic Bglobularr efers to one large globular stain accumulation adjacent to the nucleus, whereas cytoplasmic Bgranular^refers to multiple smaller, punctuate staining patterns throughout the cytoplasm. All normal tissues and 15 LCH cases were scored by two pathologists (Redd and Rimsza) and the results compared.
Results
The pattern of staining varied between the cell populations in various tissues. HLA-DR cell surface expression was seen on all benign B cell populations in all tissues, including germinal center B cells, mantle zone cells, interfollicular B cells, and marginal zone B cells in both lymph nodes and spleen. All interdigitating reticulum cells in the paracortical areas of lymph nodes were strongly positive in a cell surface pattern. , and S100 data were taken from original pathology reports CG cytoplasmic granular, Glob cytoplasmic globular, NP not performed Plasma cells, wherever located, were negative. Surface staining was seen on a subset of T cells in various peripheral lymphoid tissues. Thymocytes were negative. Pulmonary macrophages and tingible body macrophages had a heterogeneous expression pattern, with a mixed surface and/or a granular cytoplasmic pattern of varying intensity. A granular cytoplasmic staining pattern alone (without surface expression) was seen in benign LCs in the skin and histiocytes in the spleen, lymph node, bone marrow, lung, liver, and thymus. None of the normal cell populations showed a globular perinuclear cytoplasmic pattern (see Fig. 1a-d) . Concordance of staining results between the two pathologists for the normal tissues was 100 %. The 44 LCH patients' ages ranged from <1 to 62 years. Biopsy locations included skin, lung, soft tissue, orbit, spleen, lymph node, cervix, bone, and sinus. One sample reported systemic involvement. Sample details are listed in Table 1 and include IHC results from the diagnostic reports. Staining was scored by two pathologists with initial agreement in 14/15 cases (93 % concordance). For the discordant case, discussion and resolution were performed at a multi-headed microscope and the consensus result used in further analysis. All 44 LCH samples demonstrated cytoplasmic granular and globular staining pattern with no surface staining, which was a pattern not seen in any of the benign populations and therefore unique to the LCH cells. The majority of the LCH samples (98 %) demonstrated moderate to strong (2-3+) HLA-DR staining, with only one (decalcified) sample demonstrating weak staining (1+). In the majority of LCH cells, the MHCII globular aggregates were very large (see Fig. 2 ). This pattern was distinct from benign LC cells, which showed only a fine granular cytoplasmic staining pattern. We also applied an alternative monoclonal antibody recognizing a different, pan-MHCII, epitope on four samples, which showed the same cytoplasmic granular and globular staining pattern.
Discussion
This is the first report describing a distinct cytoplasmic granular and globular cytoplasmic staining pattern of MHCII in LCH, using two different antibodies, a pattern not seen in representative normal tissues. Overall, there are very few studies describing MHCII expression in LCH since the initial reports in the 1980s. In those early papers, while MHCII was described as positive, the pattern of expression was not described. Similar to what we have reported, other authors, in 2001, also described cytoplasmic staining pattern for MHCII in six cases of LCH using confocal microscopy [17] . Thus, the current report is the largest case series and first using immunohistochemistry to describe this finding. The use of two different monoclonal antibodies, expected staining pattern in all types of benign APCs, phagocytic cells, and B cells, negativity in all non-hematopoietic cells, presence in samples from three different institutions with different fixation and processing methods, and corroborated by the reported confocal microscopy study, altogether support this as an authentic staining pattern.
Our observation of the absence of MHCII cell surface expression in LCH is consistent with previously published evidence of LCH cell immaturity [17, 18] . Other studies have described high intracellular MHCII labeling in normal (benign) resident LCs with MHCII predominantly localized in the lysosome-like MIIC compartment, and in lower amounts on the membranes of the rough endoplasmic reticulum (RER). In contrast, it is reported that the cell surface, endosome-like structures, and the Birbeck granules are only slightly positive for MHCII in LCH [19, 20] . Thus, the published literature does not support the presence of the accumulated MHCII protein within the Birbeck granules. The exact subcellular localization of the MHCII protein in LCH is unclear. Previously, using ultra-microscopy, Langfort et al. described a single case of pulmonary LCH with dilated RER in addition to Birbeck granules, however, there was no correlation with MHCII staining pattern [21] . Their report is in agreement with a single case in our own series that we were able to study by transmission electron microscopy that was suggestive of dilated RER (data not shown). A review of ultrastructural reports in the literature focuses on the description of the diagnostic Birbeck granules. The possibility that the MHCII is located in dilated RER in LCH requires further confirmation in a series of cases that have been of appropriately fixed and studied with electron or confocal microscopy.
Functionally, the antigen-presenting capacity of LCs is tightly controlled according to their maturation status [22] . The low surface expression of MHCII on resident epidermal LCs indicates they are not yet actively presenting antigen since inactive cells produce and hold MHCII intracellularly while awaiting antigen internalization, processing, and loading. Functionally, LCs residing in the skin are inefficient stimulators of T cell activation, whereas LCs which arrive in draining lymph nodes following skin sensitization are highly immunogenic with a significant increase in MHCII surface expression, consistent with phenotypic maturation and the acquisition of antigen-presenting function [23] [24] [25] . In immature cells, MHCII accumulates in lysosome-like organelles colocalizing with resident lysosomal proteins such as HLA-DM and hydrolytic enzymes [26, 27] and corresponds to the granular staining that we observed throughout the cytoplasm in the benign LC cells. Upon environmental signal induced maturation, MHCII-antigen complexes move via peripheral non-lysosomal compartments to the cell surface, which correlates to the pattern we observed in mature APCs in lymph nodes and on B cells [28] . It is therefore possible to conclude that the cytoplasmic staining pattern in LCH reflects the immature/antigen-inexperienced status of the malignant cell in LCH.
On a practical level, while a characteristic immunophenotype is known for LCH including expression of CD1a and S100, not all cases express both antigens. In addition, CD207 (Langerin) is not universally used in diagnostic pathology laboratories. Furthermore, we performed a limited investigation on some histologic mimics including one dermatopathic lymphadenopathy, two cases of Rosai-Dorfman disease, one follicular dendritic cell tumor, one interdigitating dendritic cell tumor, and two histiocytic sarcomas, which did not show the cytoplasmic globular staining pattern observed in LCH (data not shown). As such, the distinct HLA-DR staining pattern in LCH may also be a useful tool for diagnosis; however more extensive studies are necessary. In summary, MHCII, with its highly distinctive staining pattern, could possibly, with additional verification in other patient cohorts, be useful as an additional marker for identifying neoplastic Langerhans cells, contribute observational data relevant to the stage of differentiation of the LCH cells, and add to our understanding of the biology of this rare disease.
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